Abstract -Ab initio calculations have been carried out on the lower antiaromatic annulenes: cyclobutadiene, planar cyclooctatetraene and planar cis- [12] annulene. Resonance energies for the singlet and triplet states are evaluated and compared with results obtained previously for the aromatic annulenes. Cyclobutadiene is the only annulene to exhibit strong resonance destabilization. Planar singlet cyclooctatetraene shows a very small negative resonance energy. The most surprising result is provided by planar cis- [12] annulene which exhibits a small positive resonance energy.
Quantitative assessments of resonance energies by all-electron calculations are of a much more recent advent.3237 Particular problems arise in such treatments due to the necessity of correctly matching the r-system of the reference structure to the conjugated molecule under consideration. In order to provide an accurate reflection of ir electron (de)stabilization it is often necessary to allow for angle strain and nonbonded interactions; otherwise the computed resonance energies contain contributions from extraneous effects and the heuristic value of the concept is lost.
In a nonempirical study of the resonance energies of cyclobutadiene and benzene, Hess and Schaad37 were able to allow for the i-bond effects in cyclobutadiene by utilization of an empirical strain energy correction (32 kcal/mol). In previous studies of benzene, planar cis- [10] annulene and [18]annulene, we obtained nonempirical resonance energies by incorporating the effects of angle strain and nonbonded interactions directly into the structure of the reference molecules. 34 In the present study we report an extension of this work to the lower antiaromatic annulenes, planar cyclooctatetraene and planar cis- [12] annulene. Also included are results for cyclobutadiene, using the strain energy correction derived by Hess and Schaad.37 The benzene resonance energies reported herein are slightly higher than the previous values.34 This is because we have utilized a set of reference structures for benzene which are exactly analogous to those employed for the other annulenes, whereas the previous study34 utilized fully optimized structures for ethylene and butadiene to allow experimental comparison with the theoretical values.
A comparison of the present resonance energies to those derived by other authors is also included. Geometries (Table 1 ). The molecular structures were optimized at the (U)HF/6-3 iG theoretical level within the specified symmetries (Table 1) . In calculations on ir-electron systems the extended 6-31G basic set has been shown to perform reasonably well although it is clear that the extent of bond-length alternation is overestimated. This deficiency is common to HF methods.4357 Table 2 ). The energies were calculated at widely different theoretical levels as a result of the variation in formula weight of the compounds studied (from 78 to 156 amu). Cyclobutadiene energies were obtained up to MP4/6-31G+5D but it was only possible to examine [12] annulene at relatively modest theoretical levels. As noted previously,34 the extrapolated energy values which are included in parentheses should be viewed with some caution. This is particularly true of the results obtained with the minimal STO-3G basis set which is normally not satisfactory for use in electron correlation calculations. Nevertheless the values which may be checked against better quality calculations suggest that the trends are correctly reproduced.
Resonance Energies. As before we adopted the homodesmotic reaction scheme58 as a starting point for the resonance energies -this allows for conservation of bond and hybridization type in the thermocycle. The resonance energy analysis of the annulenes (apart from benzene), is complicated by the presence of angle strain and non-bonded interactions which are not included in the standard reference compounds used in the homodesmotic model. 34 It is difficult to generate reference structures for cyclobutadiene which compensate for the strain energy of the fourmembered ring and we found it preferable to utilize fully optimized structures for the reference molecules (6 and 10), with subsequent application of an empirical ring strain correction factor (32 kcal/mol).37
The benzene reference structures (7 and 11) were based on 120' bond angles (rather than fully optimized geometries), so as to provide a direct comparison with the calculated resonance energies of the other annulenes (rather than experiment).34
The reference structures (8, 12 and 9, 13) for planar I8lannulene and planar cis- [12] annulene were based on the symmetry constrained internal bond angles of 135' and 150' for the two molecules, respectively. The C-C-H bond angles were set to bisect the carbon bond angles. Optimization of these latter angles (as in 3a and 5a), produced changes in the final resonance energies of less than 1 kcal/mol and these effects were not included in the final analysis.
The planar cis- [10] annulene and [18]annulene structures were obtained with the same approach, and the calculated resonance energies were taken directly from our previous study.34 RESULTS 
AND DISCUSSION
The dependence of the resonance energies (Table 3 ) of the antiaromatic annulenes on the effects of basis set improvement and the inclusion of electron correlation do not present a consistent picture. The results for cyclobutadiene (1) show variations comparable in magnitude to those found for benzene, but the deviations occur in the opposite sense in so far as the electron correlation effects on the singlet state (la) are concerned. As expected, basis set improvement lowers the energy of the fourmembered ring relative to the reference structures for both Ia and lb. In the estimation of the resonance energy of lb it is apparent that the UHF calculations favor the triplet state (lb) against the singlet reference structures but that this effect is moderated at higher orders of perturbation theory. The final resonance energies for cyclobutadiene were obtained by inclusion of an empirical ring strain correction (RSC) factor as outlined by Hess and Schaad.37
The benzene resonance energies obtained in the present treatment (with model geometries) are 3-5 kcal/mol higher than those found previously with fully optimized reference structures. 34 The values given herein are suitable for comparison with the theoretical resonance energies of the other annulenes.
The planar cyclooctatetraene singlet state (3a) results are quite insensitive to the calculational level. The triplet state (3b) 
6-31G+5D The resonance energies of the aromatic annulenes, have been discussed elsewhere;34 there is a small increase in the benzene value due to the modification of the reference structure. Cyclobutadiene59 is the only annulene to exhibit strong resonance destabilization. Planar singlet cyclooctatetraene6° shows a very small negative resonance energy. The most surprising result is provided by planar cis- [12] annulene which exhibits a small positive resonance energy.
The calculated resonance energies reported herein are compared with the results obtained with ir-electron procedures in Table 4 , in the form of ratios to the benzene value. Our finding that I lOlannulene possesses a resonance energy comparable to benzene, contrasts with the lower values of the ir-electron procedures. The resonance destabilization calculated for [8] -and
[12]-annulene is considerably lower than that found by all but the Dewar ir-SCF treatment.
The relative energies calculated for the singlet and triplet states of cyclobutadiene61'62 and planar cyclooctatetraene are given in Table 5 . As expected, the inclusion of electron correlation effects favors the singlet state of cyclobutadiene over the triplet state, but this dependence on theoretical level is much less for the two states of cyclooctatetraene. 
